ee 


713 


UCRL-51530 


RAINOUT STUDIES 
AT LAWRENCE LIVERMORE LABORATORY 


Joseph B. Knox 
Allen L, Williams 


February 11, 1974 


Prepared for U.S. Atomic Energy Commission under contract No. W-7405-Eng-48 


(z 


LAWRENCE 
LIVERMORE 
LABORATORY 


University of Califomia/Livermore 


MASTER 


PYSTRIBUTION CF Tris. 9 


WVEENT (IS UNLIAITER, 


op 


oD 


NOTICE 


"This report was prepared as an account of wok spomired by 
the Ualted States Govetnement, Netter the United Ssates nor 
the United States Atomic Encrgy Commbdon, sor any of their 
employees, oot any of the Cunttas tore, subcunttartors, oF Det 
employees, makes any waranty, capress of implicd, of zuames 
any Segal iabikity oF cespomubehty foe the accuracy, COMMETERCES 
or urcfulnew of any int-~wmation, appuralus, pues? of oven 
Gischned, ov reprenents that its ue wouk! nex infringe privately: 
owned tights.” 


Printed in the United States of America 
Available from 
National Technical Information Service 
U.S. Department of Commerce 
$285 Port Royal Road 
Springfield, Virginia 22151 
Price: Printea Copy $  *; Microfiche $¢.95 


“ NTIS 
Pages| Selling Price 
1-50 $4.00 
51-150 $5.45 
151-325 $7.60 
326-500 $10.60 


501-1000 $13.60 


Lh hnemetateenctmmenrmnettess 


PID-4500, UC-41 
Health and Safety 


(\s 


LAWRENCE | IVERMORE LABORATORY 
Unversity of Caltomie Livermore, Caitomia 04550 


UCRL-51530 
RAINOUT STUDIES 
AT LAWRENCE LIVERMORE LABORATORY 


Joseph B. Knox 
Alien L. Willlams 


MS, date: February 12, 3°74 


---NOTICE-. --- . 

This cegart war plepaset avo an acum foe 
WPaunsted by the United states 
the Unsted States cat imy United 
Comminan, ner ang of shes 
hey contracture sutyontres tor 
makes any warranty eaptess ot amped cay 
egal Gabiity or 
Cleteneus ot surf 
Fiedust on proses ‘ 
| MUU nut inttinge felsotety noes rgtts 
— 


venient Nett. 


MS Tas ere) 


Contents 


Abstract 
Introduction « 4 = @ 40 @) & & @ «we * 
Microphysical Description of Precipitation Scavenging 
Particle Size Distribution 
Experiment 
Cloud Models and Rainout 
Controlling the Process . . . . 1... 1... 
Conclusion on 4h, Tp 33 
Acknowledgments 


References 


-iii- 


ao een a 


RAINOUT STUDIES 
AT LAWRENCE LIVERMORE LABORATORY 


Abstract 


The study of rainout has received 
additional impetus from recent investiga- 
tions of the impact of coilateral damage 
upon tactical nuclear operations. Addi- 
tional research is going forward at 
Lawrence Livermore Laboratory to pro- 
vide an improved technical basis for the 
assessment of rainout. The project is 
designed to develop improved under- 
standing of the basic physical interactions 
that control the processes and to assess 
more rigorously the potential hazards to 


man, Aspects of the work described in 


this report include a microphysical 
description of precipitation sea- 
venging of the nuclear debris aerosol, 
progress in the numerical modeling 

of natural cloud systems and their 
interactions with nuclear debris aerosols, 
and investigations of possible means 

of controlling the rainout- removal pro- 
cess, This is an interim report; it is 
expected that continuing research over 
the next six months will permit a more 
precise basis for analysis of the 
phenomenon, 


Introduction 


In a tactical nuclear conflict, the 
delayed radiation effects of close-in 
fallout would present complications from 
the viewpoint of collateral damage. 
Significant dry fallout can be avoide-l by 
exclusive use of free-air bursts, but wet 
deposition from precipitation scavenging 
of nuclear debris clouds is predictable, if 
at all, only shortly before the burst. The 
extent and locatios of the rainout radia- 
tion field would depend upon the timing 
and nature of the interaction of the debris 
cloud with the natural precipitation- 
scavenging environment, It turns out 
that rainout is a particular concern with 


the low-yield weapons characteristic of 


et ee 


the tactical nuclear stockpile; high-vield 
weapons can carry nuclear debris above 
the altitudes conducive to precipitation 
scavenging, 

The potential exposure to man from 
low-yield free-air bursts was assessed 
in UCRL-5i164,! The major conclusion 
was that the hazard of close-in exposure 
from these bursts could be appreciable 
if scavenging by precipitation occurred, 
If the entire vertical integral of radio- 
activity contained in a nuclear debris 
cloud were brought down, then the 
potential infinite whole-body exposure vs 
distance from ground zero would be that 


approximated in Fig. 1. For example, 


cot en emt ees 


Infinite whole-body exposure — R 


10 


10 
i0~ 
10 100 1000 
Distance from ground zero —~ km 
Fig. 1, Vertical integral (infinite whole-body exposure) due to gross gamma radiation 


as a function of distance from ground zero. The upper curve for each yield 
represents the case of slow horizontal diffusion; the lower curve represents 
the case of fast diffusion. 
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rainout of the radioactivity within the 
debris cloud of a t-kt air burst cauld re 
sult at 100 kim downwind in infinite whale- 
body doses of 1000 R and higher. Further 
work, published in UCRL- 51426 (1972), ” 
substantiated this previous assessmem;: 
however, major uncertainties remain in 
understanding the physical bases for 
rainout processes as well as in deter- 
mining the frequency of occurrence of the 
conditions that would lead to radiation 
hazard by the rainout process, 

Ratnout is not a newly discovered 


phenomenon, but its study has received 


addttional impetus from recent inveati-: 
gations of the impact of collateral damage 
Upon tactical wclear operations, Addi- 
tional research is going forward at this 
Lahoratory to provide an imrroved 
technical basis fore tne rainout assess - 
ment, This work, flmded by the Defenge 
Nuclear Agency and supplemented in part 
by the Laboratory's Whitney Program, ts 
summarized herein, The project is 
designed t- develop improved understand 
ing of the basis physical interactions con- 
trolling the processes and to assess more 


rigorously the potential hazards to man, 


Microphysical Description of Precipitation Scavenging 


Acroso) particles are removed from 
the atmosphere by different processes 
depending on their size. Particles larger 
than about | um can be scavenped by 
direct impaction with raindrops, This 
inertial capture pracess 1s the primary 
removal mechanism ‘or washout or below- 
cloud scavenging, the washout efficiency 
being a function of particlo size, 

For rainout or in-cleud scavenging, 
othes processes must be consi‘iered in 
addition to inertial capture, Aerosol 
particles with perfectly wettable surfaces 
and radii greater than 0.1 um can serve 
as nucleation sites for the formation of 
cloud droplets, Soluole particles with 
radii as small as 0.01 um can be nucieatea 
in clouds. According to arguments by 
Fietcher® and experimental results by 
Twomey,* an insoluble particle whose 
surface departs from complete wettability, 
i, e., for which the contact angle is greater 
than say 6 deg, cannot Serve as a con- 


denSation nucleus at typical : loud super- 


saturations, Nucleated particles can be 
deposited an the ground either through 
growth to raindrop sive and falling (a 
very rare event) or by growing to se ral 
micrometers thn radius and beinge ae: ted 
by a rarndron, 

Particles of radius less than atuout 
0.02 pm display considerable Brownian 
motion under atmospheric conditions, 
allowing them to collide and attach ta cloud 
droplets or raindrops, This scavenging 
mechanism is directly effective only for 
short times after the particles are formed. 
Since, given time, they will readily attach 
to larger debris particles or to natural 
aerosol particles, Those particles 
attached to droplets due tc Brownian 
capture can be scemrved to the ground 
through accretion of the droplet. 

Debris particles trom free-air Sursts 
consist mainly of oxides of the principal 
casing materials, The various radio- 
nuclides make u> a small percentage of 


the total particle mass. Indications are 


that debr. 
vater and are wettable due to their large 


particles are insoluble in 


surface energy compared to that of water. 
Some of the radionuclides are soluble, 
but it is not clear whether the amount of 
soluble material on the particle surface 
can significantly change the nucleation 
characteristics aus suggested by Hicks.” 
Indications are that the particle sizes 
resulting from free-air bursts are dis- 


“3 -} 
sec 
w 


we 


Removal coefficient x 10 


tributed lognormally and that the mean 
particle size decreases with increasing 
yield, &? 


low-yield wir bursis to produce particles 


It appears reasonable to expect 


susceptible to inertial capture and/or 
nucleation scavenging. However, higher- 
yleld free-air bursts may produce 
particles below the nucleation threshold, 
leaving Brownian scavenging as the 


dominant removal mechanism, 


10 mm/hr 


2.5 mm/br 


1 mm /hr 


8 10 12 14 16 


Particle radius —~ yum 


Fig. 2. 


Se 


Removal coefficient versus particle radius f.. various rain rates, 


If we define n(r, t) as the number of 
debris particles of radius r per unit 
volume of air at time t, the rate of re- 
moval of the particles by rain can be 


written as 


dnir,t) _ _ 
ae Ant(r, t), (1) 


Here A represents the removal rate of 
one particle of radius r. Assuming that 
inertial capture is the removal mechanism, 
Fig. 2 gives A as a function of r for 
various rain rates, 
rapidly as the particle radius falls below 
about 1 um. 

If the debris particle can act as a site 
for the droplet formation, it will grow 
by diffusion of water vapor on the surface 
to a radius of about 10 «m ina short 
period of time, The removal rate would 
then be given by that for a particle radius 
of 10 «m on Fig, 2. To gain an idea of 
the efficiency of these removal rates, 
assume that the part particles can act as 
Then, 


using for Ain Eq, 1 the removal rate 


efficient condensation nuclei, 


corresponding to r = 10 um in Fig, 2, we 
can obtain the fraction of particles re- 

moved from a volume of air as a function 
of time, The results of such a calculation 


are given in Fi,, 3. 
PARTICLE SIZE DISTRIBU TION 


To improve our estimate of the re- 
moval rate of debris particles, it is im- 
portant to know the particie size 
distribution. We have some experimental 
data on debris-particle size distributions 
from past U.S, atmospheric tests, but 


there are few data pertaining to low-yield 


-5e 


Note that A decreases | 


devices. We are now developing a 
computational capability to calculate the 
particle Size distribution of particles 
from low-yield frec-air bursts. Weuse 
fairly well known expressions for the 
temperature and the volume as functions 
of time to determine the number of 
particles formed b wndensation and 


then follow the partite growth to deter- 


mine the final size distribution, Early 
results look encouraging. If the code 


can be validated against existing experi- 
mental data, taking into account the event 
detonation conditions, we will have a tool 
to predict particle size distributions for 
stockpile devices or devices in the design 


stage, 
EXPERIMENT 
We are planning to carry out a set of 


At the 


moment we plan to use two air platforms, 


experiments this next summer, 
manned and unmanned, The properties 
that we plan to meusure are: 

1, Particle size distribution and distri- 
bution of radionuclides as a function of 


particle size. 


edge of particle size distribution is 


As discussed above, know!- 


necessary to determine the mechanism 
and the subsequent rate of removal by 
precipitation. Since the removal . ates 
are dependent on particle size, one must 
know the amount of radioactivity as a 
function of particle size to determine the 
potential radiation hazard, 

2, Nucleation characteristics. Debris 
particles are comp%sed predominantly 
of oxides of the casing material, and when 
first formed they are highly wettable. The 
clean surfaces probably are contaminated 


when exposed to the atmosphere and as a 
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Fig. 3. Fraction of radioactivity originally in the rain cloud removed versus time for 


various rain rates. 


result may develop varying nucleation 
characteristics withtime. Also, the soluble 
fission products that atlach to the debris 
particle surface during particle formation 
may influence the nucleation characteristics, 
In the latter stages of fireball! develop- 


ment a visible cloud of water or ice 


usually forms, Any debris particles that 
participate in this formation of water 
droplets or ice particles probably will be 
good cloud condensation nuclei if the in- 
duced natura) cloud evaporates and the 
particie is then entrained into a rnin cloud 


environment. 


Cloud Models and Raincut 


The life history of radioactive debzis 
injected into the atmosphere is greatly 
altered if the debris cnters a region of 
precipitation: the amount of debris de- 
posited on the ground can be greatly 
enhanced and the vertical distribution is 
completely changed. The two processes 
associated with clouds that are primarily 
responsible for determining the amount 
and distribution of debris deposited on 
the ground are (1} the microphysical 
process by which airborne debris is 
collected by drops, and (2) the dynamic 
process that transports debris into the 
natural cloud, thus allowing the micro- 
These 


two processes cannot be separated, Since 


physical interactions t2 occur. 


the integrated effects of the microphysics 
of raindrops, i.e., evaporation, con- 
densation, drop collisions, melting, and 
freezing, produce the essential driving 
forces for the dynamic Situation that 
tencs toward supersaturation and the 
existence of dropiets in unsaturated 
regions, Therefore, it is necessary to 
be able to describe the combined action 
of both microphysical and dynamic pr o- 
cesses in order to evaluate the effects of 
precipitation on the scavenging of radio- 
active debris particles, By the use of 
mimerical cloud models with an appropri- 


ate parameterization of the microphysics, 
it ls possible to describe the life cycle of 
convective cells, which produce the grcat 
majority of the world's rainfall. 

One of the characteristics of clouds 
that differentiates them from their en- 
vironment ts the existence of enhanced 
vertical motions. The noncloudy atmos- 
phere seldom has vertical velocities 
greater than a few centimeters per 
second; a typical convective cell has up- 
ward motions of several meters per 
second, Convective cells are frequently 
observed to develop upward from a small 
cumulus cloud, and they have rather 
sharp side boundarics tndicating that 
there is little transport across their sides, 
This characteristic of convective clouds 
has ledto the formulation of a one- 
dimensional entrainment model of a con- 
vection cloud in which air is assumed to 
rise vertically from cloud base with only 
a small amount of mixing (entrainment) 
across its sides. The one-dimensional 
model cloud is assumed to be made up of 
a stack of cylindrical siabs, all of the 
same thickness \1Z, The average values 
e.g., liquid 


water content, temperature, velocity, 


of the relevant variables, 


radius, etc., are evaluated from the 


corresponding equations of motion, energy, 


and continuity for each of these slabs, 
giving a vertical profile for each variabic. 
The equations can be integrated in time to 
provide a time-history of the formation, 
growth, and decay of a convective ccll. 
The microphysical processes are repre- 
sented in such a model by terms in the 
continuity equations that describe the pro- 
duction or destruction of the appropriate 
phase of water substance because of each 
microphysical interaction. The presence 
of radioactive debris has been included 
in this model by adding appropriate 
equations of continuity with the proper 
representation of microphysical inter- 
actions between debris und drovs, In 
such a model, debris is drawn in through 
the base of the cloud and a small amount 
of debris is e:trained across the horizon- 
tal boundaries. The debris that enters 

the cloud is subjected to the various micro- 
physical scavenging mechanisms, so that 
some of the radioactive particles are 
collected by the rain and brought to the 
ground. 

The enhanced vertical transport of air 
inside clouds makes it possible for the 
vertical distribution of debris inside the 
cloud to differ greatly from that outside 


the cloud. Since the air inside the cloud 


originated primarily at levels near the 
cloud base, its debris concentration tends 
tobe characteristic of this level, If the 
debris 1s initially distributed in such a 
way that the concentration is highest in 
the vicinity of the cloud base, the total 
amount of debris inside the cloud would 
be several times as large as that ina 
similar volume of air outside this cloud, 
In this situation, the potential for hign 
levels of radioactivity on the ground as a 
result of precipitation scavenging is en- 
hanced by the ficld of mction of the cloud. 
Of course, if the debris is above the cloud 
top it is not subject to precipitation 
scavenging. ‘The model) was run several 
times with the initial distribution of debris 
uniform in the horizontal and Gaussian 
in the vertical, which has peak concentra- 
tion at height H, and a standard deviation 
of 560 m., 


(Pabie 1) are those at 25 and 50 min when 


The most relevant ratios 


rain is falling and scavenging ix most 
efficient; they show that when the debris 
is initially at low levels, the potential 


for scavenging 1s enhanced, but when the 


The rain cloud is assumed to be much 
smaller in horizontal extent than the 
debris cloud at the time of interaction. 


Table 1. Ratio of debris inside cloud to debris outside cloud in similar volumes, 
Initial F . 
T 
debris ime (min) 
height (m) 0 25 50 75 
1340 1,00 1.76 1.63 1.51 
1740 1,00 1.36 1.48 1.34 
2140 1.00 0.66 0.75 0.97 
2440 1.00 0,31 0.34 0.69 
2840 1,00 0.20 0.21 0.50 
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debris is initialiy wel) above cloud base 
{1400 mm) the potential for scavenging is 
greatly reduced. In addition, current 
knowledge indicates that the most im- 
portant link in the ecavenging process is 
consensation nucleation, and for con- 
vective clouds this process occurs 
efficiently only in the region of the cloud 
base. 

Work ts proceeding on modeling the 
scavenging mecharism so that the 
accumulation of debris on the ground is 
calculated, Preliminary results indicate 
(1) that the scavenging is efficient for 
low-level debris, and (2) that the total 
amount of debris deposited by a single 
convective cell on a unit area of ground 
can be several times as large as the 
amount initially in a vertical column of 
unit cross-sectional area directly over- 
head, That is, the cloud can act asa 
mechanism for concentrating debris. 

The one-dimensional modcl has pro- 
vided considerable insight and has in- 
dicated several important aspects of 
scavenging, but it is a crude model that 
does not adequately describe the dynamic 
State of the atmosphere, Cons-uently, 


effort is being expended to develop two- 
dimensional models of convection with 
scavenging, in order to more completely 
evaluate the interaction between ra:io- 
active particles and rain clouds. The 
one-dimensiona) mode) cannot adequately 
describe the convergence of air at low 
levels and divergence at high levels that 
ls a characteristic of convection; a two- 
dimensional axisymmetric model Is being 
modified to {include Scavenging so that 

thie part of the process can be evaluated 
more correctly, Another very important 
feature of the atmosphere that affects 
precipitation scavenging is changes of 
wind speed (and direction) with height, 
le,, wind shear. Therefore, a two- 
dimensional rectangular model is being 
modified to include scavenging of radio- 
actlvity by a cloud growing in an environ- 
ment with speed shear due tuo the horizontal 
wind In spite of its shortcomings, how- 
ever, the one-dimensional model does 
provide an adequate and convenicnt frame- 
work in which to evaluate the cffects of 
various parameterizations of the scaveng- 
ing process, and we will continuc to use 


it for that purpose. 


Controlling the Process 


{f the rainout mechanism is correctly 
described above, then it may be possible 
to substantiaily reduce the .ainout coef- 
ficient (and thus reduce the dose received 
at any given point) by rendering the debris 
particles nonwettable, This would be 
done by coating the particles with a water 
repellent surfactant as has been described 
in UCRL-51328,2 Experimental verifica- 


tion of the mechanism is desirable. 
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The solid particles formed ina nuclear 
detonation are metal oxides in the form 
of crystals or glasses and possibly some 
free metallic particles, All such particles 
have large surface energies compared to 
that of water (73 ergs/cm?) (see Table 2), 
Thus, one would expect water to wet and 
spread on themn®~ 1° 
Fletcher analysis® all of them would be 
active nucleating agents in a cloud if they 


and from the 


were 0.) wm in radius or larger, Their 
rates of nucleation can be reduced by the 
addition of low~surface-cnergy materials 
that will adsorb onto the particle surfaces 
and lower their surface cnergics to less 
than that of water, A monolayer of 
perftuoro fatty acid on platinum reduces 
its specific surface free energy! )12 
from about 2 000 er 28,em? to about 

10 ergs/em-; water should not wet or 
spread on particles so treated, Even a 
small departure from perfect wettability 
should hinder the nucleation dynamics, 

Coating nuclear debris in the atmos- 
sphere would involve major problems in 
the delivery of the surfactant and in mix- 
ing it with the debris cloud, These prob- 
Yems cannot be addressed until the ree 
quired concentrations of the surfactant 
and its physical characteristics are 
specified. This section, therefore, deals 
ony with the selection and testing of 
possible coating materials, 

Any coating materials designed for 
atmospheric use cither must be stable in 
the photochemical environment of the 
atmosphere (for at least a few hours) or 
must yield products that ure themselves 


goodcoating materials This condition may 


serve tocliminate many organic compounds, 


Also, the coating mater.al must be 
sufficiently volatile so that it can be added 
to the cloud as a vapor (so that the mixing 
will not be determined by the relatively 
slow particle diffusion process). This 
eliminates many nonvolatile oils and 
suggests that stable organic compounds of 
moderate molecular weight (i.e., 100 to 
400) will be likely to provide the most 
reasonable choices. 

A selection of compounds with vapor 


pressure 2 1 X 107? pa (1074 Torr) at 
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Table 2, Surface energies of various 
materials, taken from refer- 
ences cited. 


Yut OK 


Materiats (erg cm?) Reference 


Oxides of general formula MO 


Mga 1090 13 
FeO 1060 13 
MnO 1010 13 
Cad 820 13 
SrO 700 13 
BaO 604 13 
BcO > 1420 13 
cdo 530 13 
LLnO 600 13 
PbO 250 13 


General formula M903 


R40, 79.5 @ 900°C 14 
ALO, 905 @ 1850 C 18 


General formula MOg 


VO, 642 5 20% 13 
ZrO, B00 : 20° TS 
ThOs 530 + 20% 13 
SiO>, ~ 800 13 
TiO, - 800 13 


~280 WK and with reasonable photochemical 
stability could be made on the basis of 

(1) their effectiveness in rendering bulk 
surfaces nonwettable, (2) measurements 
of the effect of small quantities of these 
species on the rate of growth of synthetic 
laboratory aerosols; and (3) their photo- 
chemical stability as coatings, measured 
on bulk surfaces and laboratory aerosols. 
Experiments on laboratory azrosols would 
be used also to establish the concentration 
of the surfactant necessary to produce the 
desired effect. 


As was shown by Iulk (in Ref, 2), this 
If the heat 


of adsorption :s high, the actual mass M 


concentration can be quite low, 


of material needed to provide a complete 
monolayer on the particles from a device 


is 


where Cc. is the surface concentration re- 
quired in molecules per square centimeter, 
Wo is the mass of the device converted to 
oxides, p is the density of debris particles, 
a is the mean reciprucal radius, mw is 
the molecular weight of the additive, and 


No is Avogadro's number, If 


e, + 10), w, 10%, p= 3.5, 


(2). 2X10", and mw = 300, 


15, 108 


5 
M- 10 Xge 2x le 


- 300/46 x 107%) = 2.8x 107 gor2é kg. 


The value of Cc. used here is an upper 
limit; all of the other numbers are 
reasonable estimates, but conservative 
in the sense that they are chosen to give 
high rather than tow values for M, 

Let us consider 5p the quantity of 
coating material necessary to provide a 
concentration that, if well mixed with the 
debris cloud, would result in deposition 
of the full monolayer within a reasonable 
period of time. We then have the require- 
ment that 
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where ta is the maximum permissible 


ax 
time, ty is the injection time and J, is the 
flux of additive per unit of aerosol sur- 

face area, 


by 


This is approximately given 


ty 


c sf y C(t) S dt, 
8 
to 


where y is the sticking coefficient (assumed 
equal to unity), C(t) is the concentration 
as a function of time, and S is the mean 
thermal speed of surfactant molecules 
(~104 cm/sec): C(t} will be approximately 


(Sp - A(t)) 
469) - 


where V(t) is the volume of the debris 

cloud and A(t) is the flux to the surface 
prior to time t. If A(t) is small relative 
to So: 

an important additional constraint, thus 


A(t) will be omitted, 


this consideration of fluxes is not 


For a 10-kt device, 


Vit) =3.2 x 1018 et 1/3300 6,3 


so that we have 


tmax 4 
15 Sp X 10 
wees Fo wits. 1/3500 ° *: 
to 32X10 e 
For to = 300 sec and tmax 7 3000 s, So 


must be approximately 10°° molecules. 
Thus, this constraint is a trivial addition 
to the quantity needed to coat the particles. 


If the heat of adsorption is not of the 
order of 20 kcal/mole or larger, desorp- 
tion may be an important procesa, and it 
becomes necessary to calculate the 
equilibrium concentration ut the surface 
as the product of the flux (as described 
above) and the "Sitting time” 7. 


where 7 is given by 


AH/RT 
e 


= 10713 QAH/RT 
where AH is the heat of adsorption, R is 
the gas constant, and T the temperature. 

This suggests that materials that have 
low vapor pressures or that are 
chemisorbed on oxides should be given the 
most consideration, If the quantity neces- 
sary to coat the natural aerosol burden at 
a height of ~2 km over regions of potential 
rainout concern is estimated, it would 
appear that such considerations could in- 
creace the amount of necessary injection 
by a factor of at most 2 to 10, Thus ifa 
suitable material were to be determined 
and the problems of delivery and mixing 
are not insurmountable, not more than 
about 500 kg of material would be required 
for coating, and perhaps abovt 50 kg would 
be adeguate, 

There are several other possible 
effects of additives on cloud dynamics 
about which little or nothing is known. 
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Research into these effects is needed, It 
should be kept in mind also that since a 
Cloud ia a dynamic system, the applica- 
bility of equilibrium arguments 1s same- 
what questionable and may at times be 
misleading, 

It is probable that the condensation 
and evaporation coefficients of water 
molecules at surfaces of liquid water 
and/or ice can bi ‘nodified by as much as 
a factor of 10 by contaminating the 


surfaces, | 6-18 


Many different combina- 
tions of factors are involved inthe inter- 
action between incident water molecules 
and surfaces of water drops and ice 


particles: 


@ Specific condensation coefficient, 

e Specific evaporation coefficient, 

e@ Thermal accommodation coefficient. 

e Momentum accommodation coefficient. 

e Extent of compliance with the cosine 
law for diffuse reflection, 

e Extent the cosine law would obtain 
due to scattering from surface 


irregularities alone. 


Neither the molecular and/or atomic 
interaction mechanisms of wetting nor the 
wetting rates are well understood. Elec- 
trification makes the problem even more 
complex. A number of efforts are nseded 
to understand the off-equilibrium dynamics 
of clouds, Among the simpler experi- 
ments which might be attempted are 
determinations of the effects of additives 


on aerosol nucleation and growth rates. 


Conclusions 


Much work remains to be done to make 
the definitive assessment of the potential 
hazards from rainout. It is recognized 
that not all agencies agree on the efficiency 
of the scavenging process and the removal 


rate of debris particles, In particular, 


the particle size distribution for nuclear 
clouds in the yield range of interest 
deserves an improved experimental basis, 
It is expected that work over the next six 
montha will provide a more precise basis 
for analysis of the phenomenon, 
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